The distributions of syringyl lignin and glucuronoxylans in contact and non-contact wood fibers of Pterocymbium beccarii, Paulownia tomentosa, and Albizia julibrissin were investigated using the Mäule color reaction and immunogold labeling, respectively. In the Mäule color reaction, the fibers with small diameters (tip regions of wood fibers) appeared much darker in color than those with larger diameters (body regions of wood fibers), but there were no significant differences in the depth of color between the contact and non-contact wood fibers with similar diameters. This finding suggests that the tips of the wood fibers tend to be richer in syringyl lignin than the bodies, but there is no positive correlation between the content of syringyl lignin and the distance of the wood fiber from the ray. In the immunogold labeling, no essential difference was found in the labeling distribution and density between contact and non-contact wood fibers in all three species. In Albizia julibrissin, moreover, almost all wood fibers regardless of contact or non-contact with the rays, contained starch grains in the outer portion of the outermost annual ring. These findings indicate that the distance of wood fibers from the rays do not affect the transport of photosynthate, so that even the wood fibers far away from the rays are supplied with almost the same amount of photosynthetic products, which are a source of raw materials for cell wall biosynthesis.
INTRODUCTION
The presence of non-contact fusiform initials, not in contact with rays, is a common phenomenon in hardwoods, although the proportion varies with the species. The noncontact rate decreases, more or less, from the cambium to the xylem due to the differentiation of fusiform initials to wood fibers, but there are still significant proportions of non-contact wood fibers in some fully differentiated hardwoods (Zhang et al. 2003) . Differentiating xylem requires a large amount of photosynthate from the rays to construct the cell walls during the rapid growth season (Sauter & Kloth 1986; Van Bel 1990; Rennenberg et al. 1997) . In symplastic transport, wood fibers having contacts with rays obtain their nutrients directly from the rays, whereas non-contact wood fibers obtain nutrients via the pit pairs between axial elements (Turgeon & Beebe 1991) . Thus, there is a difference in the distance for nutrient transport between contact and noncontact wood fibers. Yoshinaga et al. (1997) studied the relation between the distance of the cells from the vessels and the distribution of lignin in Japanese oak (Quercus mongolica), and reported that the proportion of syringyl lignin tends to increase as the cell distance from the vessel elements increases. Singh and Daniel (2001) investigated lignin distribution in two types of tracheid, i.e., ray-associated tracheids and other tracheids, in Picea abies, and concluded from low magnification transmission electron microscope images that there were gross differences between the two types of tracheid with regard to the distribution of lignin in the S 2 layer. The pattern of nano-level lignin distribution, however, appeared similar.
In addition, cellular distribution of heartwood substances in Albizia julibrissin was examined by both light and electron microscopy, but no relation has been found between distance of the wood fiber from the ray and the distribution of heartwood substances (Zhang et al. 2004) . In the present study, cellular distributions of lignin and xylan, as well as the distribution of starch, were investigated in three hardwood species.
MATERIALS AND METHODS

Specimen preparation
The hardwood species Pterocymbium beccarii, Paulownia tomentosa, and Albizia julibrissin were used in this study. All three species have a high non-contact rate of wood fiber (52%, 30%, and 49%, respectively), and the mean length of wood fiber is 0.89 mm, 0.77 mm, and 0.87 mm, respectively (Zhang et al. 2003) .
Wood blocks with a transverse face of approximately 5 mm 2 and longitudinal length of approximately 15 mm were prepared from our wood collection. Thirty serial transverse sections (100 μm thick) and two 20 μm thick sections that were located at the mid-point of the series were cut with a sliding microtome, and serially photographed. The contact and non-contact radial files of wood fiber were determined on the photographs according to the method described by Zhang et al. (2003) , and several sections (both 20 and 100 μm thick) taken at the mid-point of the series were used for the following examinations.
Mäule color reaction
The transverse sections (20 μm thick) prepared as described above were immersed in a 1% aqueous solution of potassium permanganate (KMnO 4 ) for 5 min and washed twice in distilled water. They were then immersed in 3% hydrochloric acid (HCI) until the sections changed from a dark color to a light brown, and washed twice in distilled water. The sections were treated with saturated ammonium hydroxide (NH 4 OH), and the colored sections were immediately mounted on glass slides, covered with coverslips, observed under a conventional light microscope, and then photographed rapidly.
Sodium chlorite delignification
Delignification was performed according to Klaudiz (1957) with minor modifications. The transverse sections (100 μm thick) prepared as described above were treated with 8% sodium chlorite (NaClO 2 ) in 1.5% acetic acid (CH 3 COOH) at 35 °C for 72 h. After treatment, the sections were washed several times with distilled water.
Immunogold labeling
Delignified transverse sections were dehydrated through a graded ethanol series, and embedded in London Resin White resin. Ultrathin sections (approximately 90 nm) were cut using a diamond knife, and mounted on formvar-coated nickel grids (75 mesh). The sections on grids were immunogold-labeled with anti-xylan mouse antiserum according to the method described by Awano et al. (1998) . The following is a detailed description of the immunogold-labeling process.
All the procedures were performed at room temperature unless otherwise noted. The sections on grids were immersed in 50 mM glycine in PBS for 15 min. After three washes (5 min each) in PBS, they were incubated in blocking buffer (PBS containing 0.8% BSA; 0.1% immunogold silver-staining quality gelatin (Amersham), 5% goat serum and 2 mM NaN 3 ) for 30 min, then washed three times for 5, 10, and 15 min each in washing buffer (same as blocking buffer but without goat serum), and incubated in antiserum for 2 h at 37°C. Sections were then washed in washing buffer three times for 5, 10, and 15 min each and incubated in Auro Probe GAM G15 (goat anti-mouse antibody labeled with colloidal gold particles 15 nm in diameter) diluted 1: 50 in blocking solution for 2 h at 37°C. They were washed in washing buffer three additional times and fixed with 2% glutaraldehyde in PBS for 5 min, after which they were washed with distilled water, stained with 2% aqueous uranyl acetate followed by staining with Reynoldsʼ lead citrate, and then examined under a transmission electron microscope (JEM-1220; JEOL, Tokyo, Japan) at an accelerating voltage of 100 kV.
Potassium permanganate staining
The transverse section (100 μm thick) of Pterocymbium beccarii prepared as described above (but not delignified) was stained with a 1% aqueous potassium permanganate (KMnO 4 ) solution for 1 hour at 4°C. After washing with distilled water, the stained section was dehydrated through a graded ethanol series, and embedded in epoxy resin. Ultrathin sections (approximately 90 nm) were cut using a diamond knife, stained with 2% aqueous uranyl acetate, post-stained with Reynoldsʼ lead citrate, and examined under a transmission electron microscope at an accelerating voltage of 100 kV.
I 2 -KI color reaction
Transverse sections, 30 μm thick, were cut from the outermost annual ring of Albizia julibrissin, which was sampled by an increment borer (7 mm diameter) in February 2003. To investigate the distribution of starch, the section was treated with a potassium iodide iodine solution (I 2 -KI) (1 gram iodine in 0.7% potassium iodide solution), mounted on a glass slide, covered with a coverslip, observed just after the treatment under a conventional light microscope, and then photographed rapidly.
RESULTS AND DISCUSSION
Syringyl lignin distribution
Hardwood lignin, in general, is composed of guaiacyl and syringyl units. The lignin in the vessel secondary wall is composed predominantly of guaiacyl units, the lignin in the fiber secondary wall is composed mostly of syringyl units, and the lignin in the middle lamella contains both guaiacyl and syringyl units, although there are some exceptions.
To investigate the distribution of syringyl lignin in the contact and non-contact wood fibers, the Mäule color reaction, which is useful for detecting syringyl units in the lignin in the fiber secondary wall (Yoshinaga et al. 1989; Takabe et al. 1992) , was applied to the transverse sections, on which the contact and non-contact wood fibers were confirmed. As a result, the treated transverse sections appeared to have different depths of color, which is a function of the amount of syringyl lignin deposited there. The small diameter fibers, which were regarded as the tips of wood fibers, appeared much darker (arrowheads in Fig. 1a-c) than the larger diameter fibers, which were regarded as the central parts of the wood fibers, regardless of the distance of wood fiber from the ray. Yoshinaga et al. (1997) investigated the distribution of lignin within an annual ring in Quercus mongolica and showed a relation between cell diameter and lignin content. They reported that the tip of a fusiform cell is rich in syringyl lignin regardless of cell position within an annual ring and that guaiacyl and syringyl lignin are heterogeneously distributed in the axial direction of a fusiform cell. The color pattern in the treated sections also suggests that the tip of the wood fiber tends to be richer in syringyl lignin than the body of the wood fiber. This tendency coincides with that in Quercus mongolica. Yoshinaga et al. (1997) also investigated the relation between distance from vessels and distribution of guaiacyl as well as syringyl lignins and suggested that the proportion of syringyl lignin tends to increase as the cell distance from the vessel elements increases. Singh and Daniel (2001) examined the cellular distribution of lignin in Picea abies, using electron microscopy with KMnO 4 staining. Although the heterogeneous distribution of lignin was detected in the S 2 layer of the tracheid wall in the low magnification images, both types of tracheid (ray associated tracheids and other tracheids) had a similar lignin distribution pattern in nano-level. In other words, there was no significant correlation between lignin distribution and the distance of the tracheids from the rays in Picea abies.
In the three species surveyed, there were no significant differences in the color intensity between the contact and non-contact fibers with similar diameters, after treatment with the Mäule color reaction (Fig. 1a-c) . It is likely that there is no positive correlation between the syringyl lignin content and the distance of the fibers from the rays. This finding suggests that the difference in the distance of the wood fibers from the rays does not cause an uneven distribution of syringyl lignin in these hardwood species. In a further experiment, lignin distribution was also investigated using KMnO 4 staining in combination with transmission electron microscopy. There was also no observed difference in lignin distribution between the two types of wood fiber (Fig. 2) . Immunogold labeling is evenly distributed throughout the secondary wall, and no differences in labeling distribution pattern and density are found between contact (a) and non-contact (b) wood fibers. R = ray parenchyma cell; CF = contact wood fiber; NF = non-contact wood fiber; CML = compound middle lamella, S 1 , S 2 and S 3 indicate the layers of the secondary wall of the wood fiber.
Scale bars = 200 nm.
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Glucuronoxylans distribution
Hemicelluloses are the second most abundant materials after cellulose in wood cell walls, and glucuronoxylans are the main hemicellulose of hardwoods accounting for 20 to 35% of cell wall materials. Immunogold labeling is one of the most powerful methods for visualizing the localization of particular molecules when the antibody is specific to the targeted molecule. Awano et al. (1998) successfully produced an antiserum specific for glucuronoxylans and investigated glucuronoxylan distribution in differentiating xylem of Fagus crenata using immunogold labeling. Only a few particles are observed in the outer part of the S 1 layers and the inner part of the S 2 layers, but no differences in labeling distribution pattern and density are found between contact (a) and non-contact (b) wood fibers. 
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The anti-xylan antiserum produced by Awano et al. (1998) was used to label the glucuronoxylans in the two types of wood fiber. To reduce the lignin affinity for the labeling, sections were first delignified, and the loss of carbohydrates was minimized using the mild delignification method of Klaudiz (1957) . Immunogold particles were mainly observed in the secondary walls of fibers, rarely in the compound middle lamellae (Fig. 3-5) . Moreover, only a few particles were observed in the outer part of the S 1 layer and inner part of the S 2 layer in Paulownia tomentosa (Fig. 4a, b) , and in Only a few particles are observed in the outer part of the S 1 layers, but no differences in labeling distribution pattern and density are found between contact (a) and non-contact (b) wood fibers. the outer part of the S 1 layer in Albizia julibrissin (Fig. 5a, b) , whereas the particles were evenly distributed throughout the secondary wall in Pterocymbium beccarii (Fig.  3a, b) . The labeling distribution pattern in Albizia julibrissin approximately coincides with that in Fagus crenata (Awano et al. 1998) . The results mentioned above indicate that there might be a slight difference in the distribution pattern of the glucuronoxylan among the species.
However, the distribution pattern and the density of labeling in the contact fibers were very similar to those of the non-contact fibers in each species (Fig. 3-5 ). This finding suggests that the fibers distant from the rays might be supplied with almost the same quantity of photosynthetic products, which is a source of raw materials for cell wall biosynthesis, as the contact fibers. Transmission electron microscopy with PATAg (periodic acid-thiocarbohydrazide-silver proteinate) staining, which is used to stain polysaccharides specifically (Roland 1978) , has also not revealed a difference in the distribution pattern of polysaccharides between the two types of wood fiber according to our unpublished data (data not shown).
Distribution of living wood fibers
Wood fibers in some hardwood species contain starch at a certain period of time and are generally called living wood fibers. Carlquist (1975) suggested that living wood fibers represent alternative photosynthate storage and conduction systems in taxa where growth and flowering events are constant, rather than in sudden flushes. Sauter et al. (1973) reported a connection with the conductive process in Acer saccharum. Sugars, which are yielded by hydrolyzing starch just prior to the initiation of growth in the spring, are translocated into vessels, and promote sap flow in the conductive system by increasing the osmotic pressure of water in the vessels. Such living wood fibers were also observed in Albizia julibrissin as well as in Robinia pseudoacacia.
Because starch in living wood fibers is hydrolyzed just before the initiation of growth in the spring, sampling of Albizia julibrissin was performed in the winter (February), while the cambium was still in a resting stage. The distribution of living wood fibers was investigated in the outermost annual ring. There were more wood fibers with starch grains (living fibers) compared to wood fibers without starch grains in the outside of the annual ring, and the number of wood fibers with starch grains decreased towards the inside of the annual ring. Almost all wood fibers, regardless of contact or noncontact with the ray, contained starch grains in the outside of the annual ring (Fig. 6) . Such starch-rich living wood fibers formed a ground tissue in which other cell types are dispersed. The same phenomenon also appeared in Robinia pseudoacacia (Fig. 7) , and further, some wood fibers keep their starch grains for more than a year without hydrolysis during the rapid growth season (from our unpublished data). This is why the living wood fibers can be observed in Robinia pseudoacacia throughout the year.
Phloem-to-xylem transport of photosynthates is carried out through the rays, and further transfer to axial elements of the xylem probably occurs via the pit pairs between cells (Van Bel 1990). The above observation suggests that different distances of wood fibers from the rays does not lead to differences in sucrose amounts, which are transferred from the ray parenchyma cells to the wood fibers through their pit pairs.
Further experiments, of course, are necessary to determine whether the two types of wood fiber differ structurally or chemically. There may possibly be some difference in the differentiating xylem, but at least in the mature xylem of surveyed species the distance of wood fiber from the ray seems not to affect the cellular distribution of heartwood substances (Zhang et al. 2004) , lignin, and xylan as well as starch distribution. The significance of contact between wood fibers and rays in hardwoods needs to be reconsidered.
